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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
A new Cleavage Fracture Framework (CFF) is developed, within which each model finds a rational location, allowing one to 
classify models and to know what each model is implicitly assuming or neglecting. This CFF is demonstrated to be a powerful 
tool to develop advanced models for ferritic steels, closer to physical phenomena. An example of the application of this 
framework is developed and results are discussed. 
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1. Introduction 
Local a proach t  fracture (i.e. micromechanical modeling) is an alternative to the global approach to fracture (i.e. classical 
fra ture mechanic). It relies on damage or failure criteria defined at the microscale relevant for the failure mechanism. The 
evaluating f the local fields (e.g. stress, str in…) ahead of discontinuities and cracks in comb nation with local failur  criteria 
all ws d riving the failure load nd associate fracture toughness. Par meters to be used in the failure crite ia needs to be obtain 
from dedicated experiments  modeling. Local approach to cleavag  fracture has developed exte sively since the Beremin 
model, Beremin (1983). This methodol gy has b en particularly successful in addressing issues such as specimen size effect, loss 
of c nstraint typical of s ort cracks, biaxial loading, warm pre-stressing effects, transferability from laboratory specimen to 
structural application…  
 
Nomenclature  
a defect size 
B thickness 
B1T reference one inch thickness 
BCC Body-Centered Cubic  
௡݂ሶ , ௣݂Ȁ௡, ሶ݂௣Ȁ௡௔, ௣݂Ȁ௡௣, ሶ݂௣Ȁ௡௣௔ conditional probabilities (see         Table 1) 
݂ఓሬԦሺߤԦሻ probability density for a defect to be characterized by a microstructural variable 
F cumulative failure probability of the structure 
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1. Introduction 
Local approach to fracture (i.e. micromechanical modeling) is an alternative to the global approach to fracture (i.e. classical 
fracture mechanic). It relies on damage or failure criteria defined at the microscale relevant for the failure mechanism. The 
evaluating of the local fields (e.g. stress, strain…) ahead of discontinuities and cracks in combination with local failure criteria 
allows deriving the failure load and associate fracture toughness. Parameters to be used in the failure criteria needs to be obtain 
from dedicated experiments or modeling. Local approach to cleavage fracture has developed extensively since the Beremin 
model, Beremin (1983). This methodology has been particularly successful in addressing issues such as specimen size effect, loss 
of constraint typical of short cracks, biaxial loading, warm pre-stressing effects, transferability from laboratory specimen to 
structural application…  
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Fd cumulative probability of a defect to be subjected to nucleation followed by defect failure and 
propagation through the structure   
Fn cumulative nucleation probability of a defect 
Fn(p)(a)… cumulative probability of a defect to nucleate followed by a series of propagations and arrests 
(examples provides after eq. 2) 
CFF Cleavage Fracture Framework 
kmax maximum opening stress intensity factor of an infinitesimal kink in a cleavage plane along the 
crack front 
KJ applied stress intensity factor 
K0 fracture toughness at 0.63% percentile 
nd  volume density of defects 
SSY Small Scale Yielding 
t, t1, t2 time variables 
V volume of the structural component 
pl cumulative plastic deformation 
ሬ߮Ԧ vector of physical variables 
ߤԦ vector of microstructural variables 
YS  yield strength 
1 maximum principal stress 
 domain of microstructural variables 
 
Victim of its success, the Beremin model has inspired a plethora of “improved” models Scibetta (2016). However, parameter 
fitting to experimental data is generally needed to one extent or another and the link to fundamental physics has not been fully 
established. In order to develop more robust models, based on physical mechanisms of microstructural changes, a Cleavage 
Fracture Framework (CFF) has been established in Scibetta (2016). The CFF allow one to easily introduce physical mechanisms 
and reflect the time dependence of the cumulative failure probability. It also allows addressing many weakest links existing 
cleavage model. In this article the CFF and examples of application are provided. 
2. The Cleavage Fracture Framework 
Existing cleavage fracture models are essentially based on the weakest link concept, i.e. the fracture of the structure is the 
consequence of any independent failure of a representative volume element Beremin (1983).  
Alternatively, the cumulative failure probability of the structure can then be expressed as: 
 
ܨ ൌ ͳ െ ݁ݔ݌ ׬ ሺͳ െ ܨௗሻ݊ௗܸ݀௏           (1)  
where ܨௗ is the cumulative probability of a defect to be subjected to crack nucleation, followed by defect failure and propagation through the structure, and nd the volume density of defects. The volume density of defects is considered to be time independent. 
The inhibition of a defect (i.e. void formation and blunting) is taken into account in Fd. 
 
  
Fig. 1. Event tree for the nucleation and propagation of a defect. A nucleated defect can propagate or can be arrested in the tough ferrite grain or at a grain 
boundary. Any arrested defect can eventually reinitiate. Names in oval indicate the cumulative probabilities and names in arrow indicate conditional probabilities 
or rates of conditional probability, according to definitions provided in         Table 1.  
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The event tree is a useful representation of this multiple barrier model. Such event tree, inspired from Wallin (2008), is 
presented in Fig. 1. In this figure, repeat A means that when arriving at this location in the event three, the branch A related to the 
arrest or propagation at a grain boundary should be repeated. This means that the event three is defined in a recursive manner. 
The use of an event tree approach could be justified according to references Pineau (2006), Wallin (2008), Martin-Meizoso 
(1994), Lambert-Perlade (2001, 2004).  
 
        Table 1 List of definition of conditional probabilities. 
 
Probability of A 
given B 
P(A|B) 
Event A 
 
Event B 
௡݂ሶ ሺݐሻ݀ݐ nucleation occurs during the time interval [t, t+dt]  no nucleation during the time interval [0, t] 
௣݂Ȁ௡ a nucleated defect propagates in the tough ferrite of a grain nucleation of crack at a defect 
݂ሶ௣Ȁ௡௔ሺݐଵǡ ݐሻ݀ݐ propagation in the tough ferrite of a grain occurs during the time interval [t, t+dt] 
nucleation, arrest within the grain at time t1, no re-
initiation during the time interval [t1, t] 
௣݂Ȁ௡௣ propagation through a grain boundary nucleation and propagation within the tough ferrite of a grain  
݂ሶ௣Ȁ௡௣௔ሺݐଵǡ ݐሻ݀ݐ propagation through a grain boundary occurs during the time interval [t, t+dt] 
nucleation, propagation within the tough ferrite of a 
grain, arrest at the grain boundary at time t1 no re-
initiation during the time interval [t1, t] 
 
The failure of a structure is obtained when nucleation is followed by multiple grain failures by overcoming multiple sequential 
barriers. The event tree also accounts for possible re-initiation of arrested micro-cracks. Each arm of the event tree can be 
associated with a certain probability to follow one path or another. Assuming that a failure occurs when the crack reaches the 
second grain boundary, the cumulative probability of crack nucleation at a defect and fracture propagation is: 
 
ܨௗ ൌ ܨ௡௣௣ ൅ ܨ௡௣௔௣ ൅ ܨ௡௔௣௣ ൅ ܨ௡௔௣௔௣          (2) 
 
where:  
Fnpp is the cumulative probability of a defect to nucleate, to simultaneously propagate in the ferrite up to the grain boundary and 
to propagate through the grain boundary;  
Fnpap is the cumulative probability of a defect to nucleate, simultaneously propagate in the ferrite, to be arrested at the grain 
boundary and to propagate through the grain boundary after re-initiation;  
Fnapp is the cumulative probability of a defect to nucleate, to be directly arrested in the tough ferrite, to propagate in the ferrite up 
to the grain boundary after being arrested and propagate through the grain boundary;  
Fnapap is the cumulative probability of a defect to nucleate, to be directly arrested in the tough ferrite, to propagate in the ferrite 
up to the grain boundary after being arrested, to be arrested again at the grain boundary and to reinitiate to pass through the grain 
boundary and propagate through the grain boundary after re-initiation. 
In the event tree conditional probabilities are introduced. The definitions of those probabilities are summarized in         Table 1. 
Conditional probability rates (derivatives with respect to time) are introduced for time dependent phenomena while conditional 
probabilities are introduced for phenomena that can be considered at a specific point in time. It should be noted that, for quasi-
static loading, time is not playing an active contribution to cleavage fracture. Cleavage is indeed resulting from the stress and 
strain state at a given load step. Therefore, for quasi-static loading, the time variable could be equivalently replaced by load step 
and the time interval [t, t+dt] could be replaced by load increment. To remain general, the time variable is used in this paper 
allowing dynamic loading, creep, viscoplastic materials, non-monotonic loading or other ageing mechanisms to be addressed. 
Under dynamic loading condition, inertial effects will affect the applied stresses and material flow properties will be changed, 
but basically the cleavage mechanism remains the same. Based on physical mechanism understanding and modeling, it is 
possible to develop analytical expressions for those conditional probabilities. Therefore, it is interesting to find the relationship 
between the cumulative probabilities and the conditional probabilities. 
The derivative of the cumulative probability of nucleation and fracture propagation events of a defect relative to time gives†:  
 
ܨሶௗ ൌ ܨሶ௡௣௣ ൅ ܨሶ௡௣௔௣ ൅ ܨሶ௡௔௣௣ ൅ ܨሶ௡௔௣௔௣          (3) 
 
The increment of nucleation is the product of the surviving probability multiplied by the conditional probability of nucleation 
(see Appendix 1 for details on how this equation is obtained): 
 
 
 
† Fnapap and Fnapp are not explicitly shown in Fig. 1. It corresponds to following the outer left branch of the tree followed by 
repeating the A branch (left and right part of the A branch respectively).  
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ܨሶ௡ሺݐሻ ൌ ሺെ׬ ሶ݂௡ሺݐଵሻ݀ݐଵ௧଴ ሻ ሶ݂௡ሺݐሻ          (4)  
The integration of the previous equation yields: 
 
ܨ௡ሺݐሻ ൌ ͳ െ ሺെ׬ ሶ݂௡ሺݐଵሻ݀ݐଵ௧଴ ሻ          (5)  
The substitution of the previous equation in eq. 4 results in: 
 
ܨሶ௡ ൌ ሺͳ െ ܨ௡ሻ ሶ݂௡             (6) 
 
which makes clear that ሶ݂௡ is conditional to survival. Per definition, ሶ݂௡ is a probability, therefore it is larger than or equal to zero. As a consequence, Fn(t) is a monotonically increasing function. 
Based on conditional probabilities' definitions, the following equations are derived: 
 
ܨሶ௡௣௣ ൌ ܨሶ௡ ௣݂Ȁ௡ ௣݂Ȁ௡௣            (7) 
 
ܨሶ௡௔ ൌ ܨሶ௡ሺͳ െ ௣݂Ȁ௡ሻ            (8) 
 
ܨሶ௡௣௔ ൌ ܨሶ௡ ௣݂Ȁ௡ሺͳ െ ௣݂Ȁ௡௣ሻ           (9) 
 
The increment of cumulative probability of propagation after an arrest event is the cumulative probability of having an 
arrested crack at the grain boundary at time t1 that did not reinitiate during the time interval [t1, t], multiplied by the conditional 
probability increment: 
 
ܨሶ௡௣௔௣ሺݐሻ ൌ ׬ ܨሶ௡௣௔ሺݐଵሻሺെ׬ ሶ݂௣Ȁ௡௣௔ሺݐଵǡ ݐଶሻ݀ݐଶ௧௧భ ሻ ሶ݂௣Ȁ௡௣௔ሺݐଵǡ ݐሻ݀ݐଵ
௧
଴                    (10) 
 
In case the conditional probability does not depend on the time of initiation, t1, the previous equation is demonstrated in 
appendix 2 to be equivalent to  
 
ܨሶ௡௣௔௣ ൌ ሺܨ௡௣௔ െ ܨ௡௣௔௣ሻ ሶ݂௣Ȁ௡௣௔                       (11) 
 
which makes clear that ሶ݂௣Ȁ௡௣௔ሺݐሻ is conditional to no re-initiation. 
In a very similar manner the following equations can be easily obtained: 
 
ܨሶ௡௔௣ሺݐሻ ൌ ׬ ܨሶ௡௔ሺݐଵሻሺെ׬ ሶ݂௣Ȁ௡௔ሺݐଵǡ ݐଶሻ݀ݐଶ௧௧భ ሻ ሶ݂௣Ȁ௡௔ሺݐଵǡ ݐሻ݀ݐଵ
௧
଴                   (12) 
 
ܨሶ௡௔௣௣ ൌ ܨሶ௡௔௣ ௣݂Ȁ௡௣                       (13) 
 
ܨሶ௡௔௣௔ ൌ ܨሶ௡௔௣ሺͳ െ ௣݂Ȁ௡௣ሻ                                   (14) 
 
ܨሶ௡௔௣௔௣ሺݐሻ ൌ ׬ ܨሶ௡௔௣௔ሺݐଵሻሺെ׬ ሶ݂௣Ȁ௡௣௔ሺݐଵǡ ݐଶሻ݀ݐଶ௧௧భ ሻ ሶ݂௣Ȁ௡௣௔ሺݐଵǡ ݐሻ݀ݐଵ
௧
଴                             (15) 
 
Therefore, the cumulative failure probability can be directly expressed as an explicit function of the five conditional 
probabilities defined in         Table 1. Models based on physical variables and microstructural information can provide analytical 
expressions for the conditional probabilities of nucleation and propagation. Physical variables that typically affect conditional 
probabilities are: plastic strain, strain rate, principal stresses, stress gradient, triaxiality and temperature. Typically, the principal 
stress promotes nucleation and propagation; the existence of plastic strain reduces the probability of re-initiation of an arrested 
micro-crack; low strain rate, high stress triaxiality Kroon (2005) and high stress gradient promote crack arrest; and finally 
temperature affects plastic flow curves and toughness of microstructural features. Microstructural information that typically 
affects conditional probabilities is the nature of the initiating defect (type of carbide or other non-metallic inclusion), its size, 
orientation and shape, as well as grain size, orientation and shape, and grain texture. Large or elongated defects Kroon (2005) 
promote nucleation; small grains promote micro-crack arrest at grain boundaries and mismatched orientation will promote micro-
crack arrest. Taking into account the physical (e.g. temperature, stress tensor, strain rate...) and microstructural (e.g. carbide size, 
carbide elongation…) parameters, the cumulative failure probability at a defect is given by: 
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ܨௗሺݐǡ ሬ߮Ԧሻ ൌ ׬ ܨௗሺݐǡ ሬ߮Ԧǡ ߤԦሻஐ ݂ఓሬԦሺߤԦሻ݀ȳ                              (16)  
where  is the domain of the microstructural variables, ݂ఓሬԦሺߤԦሻ  is the probability of the defect to be characterized by a 
microstructural variable in the domain ሾߤԦǡ ߤԦ ൅ ݀ߤԦሿ , ሬ߮Ԧ  is a vector of physical variables, and ߤԦ  a vector of microstructural 
variables, i.e. the elements of the vectors are composed by the physical and microstructural variables respectively. Physical 
variables typically depend on the space coordinates and on time. Microstructural variables do not depend on time and are 
independent of space coordinates for macroscopically homogeneous materials. Per definition, the probability of a defect to be 
characterized by a microstructural variable in the whole domain of microstructural variables is one: 
 
ͳ ൌ ׬ ݂ఓሬԦሺߤԦሻ݀ȳஐ                         (17)  
For completeness, it should be noted that the probability density for a defect to be characterized by a microstructural variable 
vector can be expressed as the product of functions of each microstructural variable if the microstructural variables are 
independent. Substituting eq. 16 into eq. 1 gives the cumulative failure probability of the whole structure: 
 
ܨሺݐሻ ൌ ͳ െ ݁ݔ݌ ׬  ቀͳ െ ׬ ܨௗሺݐǡ ሬ߮Ԧǡ ߤԦሻஐ ݂ఓሬԦሺߤԦሻ݀ȳቁ݊ௗܸ݀௏                     (18) 
 
Due to the large number of defects in ferritic steels, the cumulative failure probability of a particle is very low, therefore 
without losing generality, the following approximation can be used with confidence: 
 
ܨሺݐሻ ൌ ͳ െ ሺെ׬ ׬ ܨௗሺݐǡ ሬ߮Ԧǡ ߤԦሻ݂ఓሬԦሺߤԦሻ݊ௗஐ ݀ȳܸ݀ሻ௏                     (19)  
Equations 2 to 19 are the basis for the development of the CFF. This CFF is fully based on the weakest link concept. This 
framework can be practically used to predict the failure probability of a structure under the condition that a model exists that 
describes the dependence of the conditional probabilities (defined in         Table 1) on the physical and microstructural variables and 
that a description of the cumulative volume density of defects as a function of the microstructural variables is available. 
To evaluate the dependence of cumulative failure as a function of specimen thickness and stress intensity factor, the plane 
strain isothermal quasi-static Small Scale Yielding (SSY) case without ductile crack growth is analyzed. The material is 
supposed to be homogeneous, therefore, the volume density of defects and the probability of a defect to be characterized by a set 
of microstructural variables are independent of the spatial coordinates. Taking advantage of the fact that the integrand of eq. (19) 
is independent of the thickness, yields: 
 
ܨሺݐሻ ൌ ͳ െ ሺെܤ ׬ ׬ ܨௗሺݐǡ ሬ߮Ԧǡ ߤԦሻ݂ఓሬԦሺߤԦሻ݊ௗஐ ݀ȳ݀ܣሻ஺                     (20)  
where B is the thickness. 
Failure probability only depends on physical variables (no dynamic effect, viscoplasticity, creep or ageing effects are 
considered here), therefore, using the following dimensionless coordinate variable: 
 
ݔԦᇱ ൌ ௫Ԧఙೊೄమ௄಻మሺ௧ሻ                         (21) 
 
results in: 
 
ܨሺݐሻ ൌ ͳ െ ሺെܤܭ௃ସሺݐሻ ׬ ׬ ி೏ሺఝሬሬԦబǡఓሬԦሻ௙ഋሬሬԦሺఓሬԦሻ௡೏ಈ ௗஐௗ஺
ᇲሻಲᇲ
ఙೊೄర
                                                         (22) 
 
The integrand is independent of the applied stress intensity factor. Therefore, under these hypotheses, the well-known 
thickness dependence and the Weibull distribution with an exponent of four is recovered. This is the expected behavior of any 
model following the weakest link concept. It should be noted that a lower limiting fracture toughness can only be introduced 
under SSY when the conditional probability of failure is dependent on the stress gradient (i.e. characteristic distance). 
3. Application 
The only information needed to use the CFF is the conditional probabilities, the probability of the defect to be characterized 
by a microstructural variable and the volume density of defect.  
In order to study the differences between the Beremin, the Bordet Bordet (2005) and the current model, we consider the 
failure of a unit reference volume located 100 µm ahead of the crack front, at the mid plane of a one inch thickness specimen 
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with a crack depth-to-width ratio of 0.5, subjected to a constant load line displacement rate of 0.2 mm/minute. Experimental 
results show that the distance of the initiator to the fatigue crack front is correlated with the measured toughness and therefore 
increases with the test temperature relative to the reference temperature Ortner (2002), Heerens (1991). The distance of 100 µm 
is selected as this is the typical distance found on specimens broken at toughness level of 100 MPm ) Heerens (1991) (i.e. at the 
Master Curve reference temperature). The material properties at a temperature of -50°C are 0.3 for the Poisson's ratio, 210 GPa 
for the Young modulus, 550 MPa for the yield strength and 0.1 for the Hollomon's hardening coefficient. A straightforward finite 
element model in ANSYS Workbench 14.0 using finite strain, isotropic strain hardening, 20 nodes brick element with reduced 
integration has been performed. One quarter of the specimen was meshed with 21076 nodes and 4522 elements, of which the 
smallest had a size of 17 µm. The mesh was verified through comparison with a less dense mesh, to ensure sufficient 
convergence. Results in Fig. 2 show that the stress intensity factor increases quasi-linearly with the loading, due to prevailing 
small scale yielding conditions. 100 µm ahead of the crack tip, plasticity starts to develop at a stress intensity value of 25 MPa 
and at an opening stress 2.2 times the yield stress. Therefore, at this location the nucleation criteria based on plastic strain and on 
the opening stress are almost equivalent. 
 
  
Fig. 2. Results of the finite element calculations of a one inch thickness compact tension specimen. KJ is the stress intensity factor converted from the J-
integral. Stress and strain are retrieved at 100 µm ahead of the crack tip at mid plane position. The xyz coordinate system is such that the x axis is parallel to the 
crack propagation direction, y is parallel to the opening direction and z is parallel to the thickness direction. 
 
The nucleation and failure probability of a unit reference volume located 100 µm ahead of the crack tip can be obtained from 
the developed model. It is not the intent of this work to calculate the failure probability of the whole structure (which would 
require the special integration to be performed over the plastic zone size), but rather to illustrate the difference between various 
models in the contribution to the failure probability. Further work to extend the application section to full structure and to other 
models would be interesting but is outside the scope of the current article. The material is considered to be characterized by a 
typical carbide size distribution Ortner (2005) nd = 7.6 1017m-3:  
 
݂ ሺߤ ሻ ൌ ହǤସଶ଴Ǥ଴ଷ଺ ቀ
଴Ǥ଴ଷ଺
௔ ቁ
ఱǤర
మ ାଵ ቆെቀ଴Ǥ଴ଷ଺௔ ቁ
ఱǤర
మ ቇ                     (23) 
 
The nucleation is activated by an increase in maximal principal stress or by plastic strain 
 
ሶ݂௡ ൌ ఙሶ ሺభǡబǡబሻଵଵ଴଴ ൅
ఌሶ೛೗
଴Ǥ଴଴ଵ                        (24)  
The probability to propagate a crack just after initiation is given by 
 
௣݂Ȁ௡ ൌ  ൬െቀ௞೘ೌೣଶǤହ ቁ
ଵ଺൰                        (25) 
 
where kmax is the stress intensity factor of a penny shaped crack of size a subjected to the maximal principal stress. 
The probability to propagate an arrested crack during a time interval increases with the stress intensity factor but decreases as 
plasticity increases: 
 
ሶ݂௣Ȁ௡௔ሺݐଵǡ ݐሻ ൌ ௗௗ௧ ൬ቀ
௞೘ೌೣ
ଷǤହ ቁ
ଵ଺ ൅ ଴Ǥ଴଴ଵఌ೛೗ሺ௧ሻିఌ೛೗ሺ௧భሻ൰                    (26) 
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Arrest at grain boundary is not considered in this application. Therefore, 
 
௣݂Ȁ௡௣ ൌ Ͳ                          (27) 
 
ሶ݂௣Ȁ௡௔ሺݐଵǡ ݐሻ ൌ Ͳ                        (28) 
 
The failure probability of a unit reference volume located 100 µm ahead of the crack tip as a function of time is shown in Fig. 3 
and compared to the Beremin and Bordet model. For Beremin, the nucleation is an abrupt phenomenon and failure is controlled 
by propagation after arrest. For Bordet, on the contrary, nucleation is gradually increased with plastic deformation, and failure is 
controlled by propagation just after a nucleation event occurs. In the Mixed Beremin/Bordet model, nucleation is gradual. The 
chance to reinitiate propagation after arrest is found to be very low. To increase the proportion of carbides that reinitiate after an 
arrest event, nucleation should occur at a very early stage such that their direct propagation is very unlikely. 
 
 Fig. 3. Failure probability of a carbide using parameters that reproduce different models. 
 
In Fig. 4, the total failure probability as a function of principal stress is shown in logarithmic scale. The slope of the Beremin 
model is directly controlled by the exponent of the carbide size distribution. For this reason the Beremin curve is parallel to the 
5.4 slope line. For Bordet and the Mixed Beremin/Bordet model, the slope is affected by the rarefaction of nucleation sites able 
to cleave. 
 
 Fig. 4. Total failure probability (sum of probabilities due to direct propagation after nucleation and delay propagation after nucleation) of a carbide using 
parameters reproducing the different models. 
 
In Fig. 5, the density of total failure distribution relative to carbide size is provided for the different models at an arbitrary 
selected time of 70 seconds. Although, the majority of carbides have a size close to p2=0.036 µm, only large carbides effectively 
contribute to the failure distribution. The Beremin model predicts that the failure probability is due to larger carbides, as 
compared to the Bordet model. It is important to recall that statistical information for carbides larger than 0.5 µm is very limited.  
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 Fig. 5. Total failure probability density relative to carbide size at an arbitrary selected time of 70 second. 
 
It is not the goal of this article to argue which of the Beremin, Bordet or Mixed Beremin/Bordet model is the “best” model. 
All models are based on the weakest link concept, they all predict a failure distribution according to a Weibull distribution with a 
Weibull modulus of four in SSY condition Gao (1998). Therefore, from a data set obtained in SSY, all three models will perform 
equivalently well. All three models are verified to result in a cumulative failure probability according to the following equation 
on a modified boundary layer finite element analysis. 
 
ܨሺݐሻ ൌ ͳ െ  ൬െ஻௄಻రሺ௧ሻ஻భ೅௄೚ర൰                       (29)  
where B1T is the reference one inch thickness and K0 fracture toughness at 0.63% percentile. It means that the models cannot be 
discriminated on the basis of a modified boundary layer finite element analysis. 
The point here is that the CFF is demonstrated to be extremely powerful to cast existing models and to derive new models 
such as the Mixed Beremin/Bordet model. In addition, it allows information to be accessed at lower level, such as the distribution 
of failure carbide size or the carbide nucleation evolution. Such local information could be eventually verified experimentally in 
order to support underlying hypotheses and improve or develop models. 
  
4. Conclusions 
In this article, the weakest link approach to cleavage fracture model is applied through the event tree method. The summary 
and main conclusions are: 
 A Cleavage Fracture Framework (CFF) can be described. In this framework, the failure probability of a structure can be 
expressed as a function of conditional probabilities. 
 Reliable estimates of parameters involved in cleavage models can hardly be identified from mechanical tests alone. In 
order to obtain a robust identification of those parameters, a better understanding of physical phenomena is needed in 
conjunction with microstructural investigation and appropriate modeling. 
 The CFF has been illustrated by its application to three particular models. Depending on the input parameters, the failure 
is controlled by propagation after an arrest event or propagation directly after nucleation. The method also allows one to 
easily identify the expected defect size causing the failure of the structure. 
Future work is needed in order to fully implement the CFF into a practical tool. This would allow for example to study failure 
probability of the full structure, the effect of carbide/crystal orientation mismatch on the failure probability and perform 
additional sensitivity studies. 
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